
Transmigrated neutrophils in the intestinal lumen
engage ICAM-1 to regulate the epithelial barrier
and neutrophil recruitment
R Sumagin, AZ Robin, A Nusrat and CA Parkos

Neutrophil (PMN) transepithelial migration (TEM) and accumulation in luminal spaces is a hallmark of mucosal

inflammation. TEM has been extensively modeled; however, the functional consequences and molecular basis of PMN

interactions with luminal epithelial ligands are not clear. Here we report that cytokine-induced expression of a PMN

ligand, intercellular adhesion molecule-1 (ICAM-1), exclusively on the luminal (apical) membrane of the intestinal

epithelium results in accumulation and enhanced motility of transmigrated PMN on the apical epithelial surface. Using

complementary in-vitro and in-vivo approaches, we demonstrate that ligation of epithelial ICAM-1 by PMN or with

specific antibodies results in myosin light-chain kinase-dependent increases in epithelial permeability that are

associated with enhanced PMN TEM. Effects of ICAM-1 ligation on epithelial permeability and PMN migration in vivo

were blocked after intraluminal addition of peptides derived from the cytoplasmic domain of ICAM-1. These findings

provide new evidence for functional interactions between PMN and epithelial cells after migration into the intestinal

lumen. Although such interactions may aid in clearance of invading microorganisms by promoting PMN recruitment,

engagement of ICAM-1 under pathologic conditions would increase accumulation of epithelial-associated PMN, thus

contributing to mucosal injury as observed in conditions, including ulcerative colitis.

INTRODUCTION

During mucosal inflammation, neutrophil (PMN) infiltration
of epithelial surfaces leads to injury and leaky mucosal barrier.
Such barrier defects underlie the basis of a number of
inflammatory disorders. For example, accumulation of
PMN in the alveolar space and in epithelial intestinal crypts
has been shown to directly correlate with the severity of diseases
such as acute lung injury,1,2 cystic fibrosis3 and inflammatory
bowel diseases, ulcerative colitis, and Crohn’s disease.4,5 PMN
migration across epithelial layers and into luminal spaces is a
sequential process, beginning with the extravasation of PMN
from blood vessels,6 migration through the interstitium, and
terminating with transmigration across the epithelium in a
basolateral-to-apical (luminal) direction. Interactions neces-
sary for initial engagement of PMNwith the basolateral surface
of the intestinal epithelium are primarily mediated by the PMN
b2-integrin CD11b/CD18 (Mac-1)7,8 and other yet unidentified
ligands. These initial interactions have been shown to trigger

intracellular signaling events leading to increased epithelial
permeability, thus facilitating enhanced PMN transepithelial
migration (TEM). Specifically, PMN contact with basolateral
intestinal epithelial cell (IEC) ligands has been shown to
activate protease-activated receptors-1 and -2, leading to
enhanced phosphorylation of myosin light-chain kinase
(MLCK) and a subsequent increase in epithelial permeability.9

Following initial basolateral adhesion, PMN migrating
across epithelial monolayers engage in adhesive interactions
with adherens and tight junctional protein complexes,10–12 and
other epithelial ligands such as CD47,13 before finally arriving
at the luminal (apical) epithelial membrane. Here the PMN
remains in contact with the epithelial surface, and collections of
apically associated PMN in the intestinal crypts constitute a
pathognomonic feature of the classic crypt abscess.14

PMN–epithelial cell interactions during the late stages of
TEM have recently come into focus with the identification of
several apically expressed epithelial PMN ligands. Specifically,
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expression of the PMN interacting proteins, CD55,15 CD44,16

and CD54 intercellular adhesion molecule-1 (ICAM-1),17 have
been shown to be increased under inflammatory conditions.
Importantly, CD44 and CD55 (decay accelerating factor) have
been reported to have roles in facilitating PMN detachment
from the apical surface after the completion of TEM,18,19

whereas ICAM-1 has been shown to mediate PMN adhesion
through binding to Mac-1.20 In addition to mediating PMN–
epithelial cell adhesion, ligands expressed on the apical
epithelial surface have also been shown to modulate epithelial
homeostasis through signaling events. In particular, CD44-
associated signaling events have been implicated in regulating
junctional composition and cell proliferation.21

ICAM-1 on endothelial cells has been previously shown to
have a key role in regulating leukocyte transendothelial
migration.22,23 Moreover, ICAM-1 on endothelial cells has
been shown to associate with cytoskeletal proteins and
participate in cytoskeletal and junctional reorganization.24,25

ICAM-1 is markedly upregulated in the epithelium of colonic
biopsies from ulcerative colitis and Crohn’s disease patients,26

as well as in IEC cell lines, including T84 and Caco2, after
stimulation with pro-inflammatory cytokines.17,27 Although
ICAM-1 binding to PMNMac-1 can facilitate migration in the
non-physiological apical-to-basolateral direction,27 the role for
ICAM-1 in PMN TEM in the physiological basolateral-to-
apical direction is unknown as are the epithelial functional
responses to such binding events.

In this study, we used in-vitro and in-vivo approaches to
investigate the functional role of ICAM-1during the final stages
of PMN TEM. We show that ICAM-1 expression on the apical
epithelial surface results in enhanced PMN adhesion after
TEM. Furthermore, we show that apically associated PMN
exhibit increased locomotion that is ICAM-1 and Mac-1
dependent. Importantly, we show that ligation of ICAM-1 at
the apical epithelial membrane leads to MLCK-dependent
actomyosin contractility resulting in compromised barrier
function, thereby facilitating enhanced PMN recruitment
across the intestinal epithelium.

RESULTS

ICAM-1 promotes PMN adhesion and locomotion on the
apical epithelial membrane under the conditions of
inflammation

In crypt abscesses, as observed in active IBD, PMN infiltrating
the intestinal crypts are often observed in intimate contact with
the apical (luminal) epithelial surface.14 To examine PMN–IEC
interactions during the late stages of TEM, we modeled PMN
migration across the intestinal epithelium under inflammatory
conditions by using a previously described transwell setup.19

PMN TEM in the physiological basolateral-to-apical direction
across control or interferon-g (IFNg)-treated T84 IECs was
induced by the addition of a transepithelial N-formyl-Met-Leu-
Phe (fMLF) gradient (100 nM). Exposure of T84 IECs to
IFNg (100Uml� 1, 24 h) had no significant effect on IEC
barrier function or expression and subcellular localization of
key junctional proteins JAM-A, Occludin, and ZO-1

(Supplementary Figure S1 online). IFNg treatment had no
significant effect on the number of PMN that completed TEM;
however, it significantly increased the number of apically
associated PMN (from 8.7±1.8%, untreated, to 19.7±1.9%,
IFNg, apical, Figure 1a). Consistent with this increase, the
number of non-migrated PMN (PMN in the upper chamber,
basal) was significantly reduced (B1.5-fold) after IFNg
treatment, suggesting an increased rate of migration
(Figure 1a). The number of PMN within the epithelial
monolayer (epith) was not changed. Representative confocal
immunofluorescence images (Figure 1b, upper panels) and
z-projections (bottom panels) show apically associated PMN
after migration across IFNg stimulated, but not control T84
monolayers. As IFNg has been previously shown to induce
ICAM-1 expression in inflamed epithelium,27 we hypothesized
that during inflammation, PMN migrating across epithelial
monolayers remained adherent to the apical membrane through
Mac-1- and ICAM-1-dependent interactions, and therefore
would be capable of ICAM-1-dependent locomotion as has been
previously observed in vascular endothelium.24,28 Confirming
previous findings, IFNg treatment (100Uml� 1, 24 h) induced a
robust, time-dependent increase in ICAM-1 expression (peaking
24 h post treatment,Figure 1c,d) on the apicalmembrane of T84
IECs (Figure 1e). This effect was specific to IFNg, as exposure of
T84 and SKCO15 IECs to tumor necrosis factor-a (TNFa;
10 ngml� 1) failed to induce ICAM-1 expression (Supple-
mentary Figure S2A,B). ICAM-1 upregulation was also
observed in the crypt epithelium of colonic biopsies from
patients with active ulcerative colitis compared with healthy
mucosa (Figure 1f). Further, confirming ICAM-1- and Mac-1-
dependent PMN adhesion to apical IECmembranes, addition of
either anti-ICAM-1 or anti-Mac-1 function-blocking antibodies
(Abs; 20mgml� 1) reversed the IFNg-induced increase in PMN
adhesion (Supplementary Figure S3A). Interestingly, inhibition
of PMNMac-1 resulted in amore potent reduction (43-fold) in
PMNadhesion comparedwith inhibition of ICAM-1, suggesting
that Mac-1 binds other epithelial surface ligands in addition to
ICAM-1.

We next examined whether apically adhered PMN after
crossing the epithelium exhibited apical locomotion. Phase-
contrast time-lapse microscopy was used to track and quantify
the behavior of individual PMN attached to the IEC apical
membrane. PMN in the absence of exogenous stimulus
exhibited little movement; however, 59.3±7.6% of apically
associated PMN after migration across IECs exhibited a highly
motile behavior (Figure 2a) with average crawling distances of
65.6±6.2 mm (Figure 2b). TEM induced a robust increase in
Mac-1 expression on the PMN cell surface (Figure 2c),
consistent with its role in PMN–IEC apical interactions.
Importantly, the number of PMN exhibiting apical locomotion
was significantly increased when IECs were stimulated with
IFNg to upregulate ICAM-1 (88±3.6%, IFNg, vs. 59.3±7.6%,
untreated IEC). Under these conditions, PMN traveled for
significantly longer distances (101±10.0 mm, IFNg, vs.
65.6±6.2 mm, untreated IECs, Figure 2b) along the apical
epithelial membrane. Confirming the role for ICAM-1 in
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mediating PMN locomotion, addition of a function-blocking
anti-ICAM-1 antibody (Ab) reversed the IFNg effects, reducing
both the number and the distances traveled by PMN
(61.4±7.8% and 73.6±6.1 mm, respectively, Figure 2a,b).
Inhibition of Mac-1 abolished locomotion of the remaining
adherent PMN (Figure 2a and Supplementary Movies S1 and
S2), confirming an exclusive role forMac-1 in this process. The
effects of Mac-1 inhibition on PMN locomotion are further
highlighted in time-lapse image sequences (Figure 2d) and
by displacement trajectories of six representative PMN
(Figure 2e). PMN crawling velocities ranged from 3 to
7 mmmin� 1 and were not significantly different on
unstimulated vs. IFNg-stimulated IECs (Supplementary
Figure S3B).

PMN adhesion to the apical epithelial membrane
compromises epithelial barrier function

Wenext examined the effects of PMN interactions with apically
expressed epithelial ligands on epithelial barrier function. In
these experiments, PMN were added apically to confluent T84
IECs cultured on permeable supports (0.4 mm pore size, too
small to allow PMN TEM), and TER, as an index of epithelial
barrier, was measured over 12-h under specified conditions.
The 12-h time period was selected to avoid the effects of
apoptotic PMN on the epithelial barrier.29 fMLF (100 nM)-

stimulated PMN adhesion to T84 IECs triggered a time-
dependent decrease in TER over a 12-h time period (B60%,
Figure 3a). Importantly, addition of PMN to the apical
membrane of T84 IECs that were pretreated with IFNg, which
we have shown leads to enhanced ICAM-1-dependent PMN
adhesion (Figure 1a), resulted in a further decrease in TER
(B40% first 2 h and B90% over 12 h). IFNg treatment alone
had no effect on TER. To test whether the observed increase in
epithelial permeability was due to a direct contact between
epithelial cells and PMN, we used an anti-Mac-1 inhibitory Ab
(CBRM1/29, 20 mgml� 1) to inhibit PMN adhesion to IFNg-
stimulated IECs. Inhibition of Mac-1 significantly attenuated
the PMN-induced decrease in TER after IFNg stimulation
(Figure 3a). Importantly, in separate experiments we further
confirmed that PMN-induced decrease in TER in both
unstimulated and IFNg-treated epithelial monolayers was
dependent on direct contact between PMN and the apical
epithelial membrane, and not mediated through paracrine
mechanisms. In such experiments, PMNs were added to the
lower chamber of transwells containing inverted (apical side
facing down) T84 monolayers and stimulated with fMLF
(100 nM). Under these conditions, there was no effect of PMN
on the epithelial barrier as assessed by TER (Figure 3b).
Exposure of epithelial monolayers to 100 nM fMLF for 12 h had
no significant effect on TER.

Figure 1 Interferon-g (IFNg)-induced expression of intercellular adhesion molecule-1 (ICAM-1) promotes neutrophil (PMN) retention on
the apical epithelial membrane. (a) PMN was stimulated (100 nM N-formyl-Met-Leu-Phe (fMLF)) to migrate across control or IFNg-treated T84 intestinal
epithelial cells (IECs). Non-migrated PMN (basal), PMN within the epithelial layer (epith), PMN associated with the apical IEC membrane after
transepithelial migration (TEM) (apical), and PMN that completed TEM (TEM) were quantified. (b) Following 1 h of TEM, IECmonolayers were fixed and
stained for cell nuclei (blue) and PMN Mac-1 (green). Representative images show enhanced apical attachment of PMN after migration across
IFNg-treated T84 IECs. Bar ¼ 20 mm. Bottom panels are projections of images acquired in series in the z direction. (c–f) Confluent T84 IECs were
treated with IFNg (100Uml� 1, 24 h) to induce surface expression of ICAM-1. (c) Representative flow cytometry diagram and (d) quantification of
ICAM-1 expression in response to IFNg treatment. ICAM-1 expression was induced in a time-dependent manner peaking at 24 h. (e) T84 IECs
were fixed in ethanol and immunofluorescently labeled for ICAM-1. Representative image (z projection of seven confocal slices) demonstrates
that ICAM-1 expression is restricted to the apical epithelial surface. (f) Non-inflamed and inflamed tissue sections from biopsies of human
patient with ulcerative colitis were stained for ICAM-1 (green) and nuclei (Topro-3, blue). Representative immunofluorescence images show the
upregulation of ICAM-1 expression in inflamed tissue (right panel) but not in normal tissue (left panel). Bar ¼ 50 mm. N¼ 5 independent experiments in
triplicates, **Po0.01, two-tailed Student’s t-test (a), analysis of variance with Newman–Keuls multiple comparison test (d).
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Ligation of epithelial ICAM-1 triggers an MLCK-dependent
increase in intestinal epithelial permeability

We observed that apical upregulation of ICAM-1 significantly
potentiated the effects of Mac-1-dependent PMN adhesion on
the epithelial barrier (Figure 3a). We thus hypothesized that
the PMN-induced increase in permeability of IFNg-treated
epithelial monolayers was due to PMN contact-mediated
ICAM-1 clustering and an induction of ICAM-1-dependent
signaling events, as previously described in vascular
endothelium.30,31 T84 IEC monolayers on permeable supports
were treated with IFNg to induce ICAM-1 expression, followed
by the addition of crosslinking Abs to ICAM-1. We confirmed
that Ab-mediated crosslinking induced ICAM-1 clustering
(Supplementary Figure S2C). As shown in Figure 4a,
Ab-mediated crosslinking of ICAM-1 resulted in a time-
dependent decrease in TER, which correlated with increased
paracellular flux of fluorescein isothiocyanate (FITC)-dextran
(3 kDa, Figure 4b). This effect was specific for ICAM-1, as
crosslinking of other epithelial surface molecules, major
histocompatibility complex-1 (MHC-1; Figure 4), and the
knownPMN ligand, CD55 (Supplementary Figure S5), had no
significant effect on permeability. Consistent with the absence
of ICAM-1 expression on unstimulated T84 IECs, application
of crosslinking Abs to the apical surface of these IECs in
the absence of IFNg stimulation had no effect on TER
(Supplementary Figure S4A). Similarly, consistent with
IFNg-induced ICAM-1 localization on the apical epithelial
membrane, application of crosslinking Abs to the basolateral

aspect of epithelial monolayers had no significant effect on
barrier function (Supplementary Figure S4B).

We have previously shown that early events in PMN TEM
(at the level of the basolateral epithelialmembrane) triggerMLCK-
mediated decreases in TER.9MLCK has been shown to have a key
role in regulating epithelial permeability by regulating contraction
of the perijunctional actomyosin ring throughmyosin II regulatory
light-chain phosphorylation.32 We thus asked whether enhanced
IEC permeability after ligation of apically expressed ICAM-1 was
MLCK dependent. Indeed, Ab-mediated crosslinking of ICAM-1
resulted in MLCK phosphorylation (Tyr 464), consistent with
MLCKactivation (Figure4c). Suchactivationwas accompaniedby
decreased apical brush boarder and the perijunctional F-actin
(Figure 4d), indicative of actin cytoskeletal reorganization.
Importantly, inhibition of ICAM-1 ligation-induced MLCK
phosphorylation in T84 cells with ML-7 (20mM,33 Suppleme-
ntary Figure S4C) prevented ICAM-1-induced F-actin
reorganization (Figure 4d), the decrease in TER (Figure 4a),
and the increase in paracellular dextran flux (Figure 4b). ML-7
treatment (20mM) alone hadno effect onTER.Together, these data
suggest thatunder inflammatoryconditions,PMNcontactwith the
apical surface of crypt epithelial cells triggers ICAM-1-dependent
signaling events, resulting in enhanced permeability.

Engagement of ICAM-1 on the apical epithelial membrane
facilitates enhanced PMN TEM

As ligation of apically expressed ICAM-1 increased epithelial
permeability, we performed experiments to examine whether

Figure 2 Apically attached neutrophil (PMN) exhibit intercellular adhesion molecule-1 (ICAM-1)- and Mac-1-dependent locomotion. (a, b) Following
transepithelial migration (TEM), PMN were allowed to apically adhere to intestinal epithelial cells (IECs) grown in the bottom chamber of transwells.
The number of PMN exhibiting locomotion (a) and the traveled distances (b) were visualized and quantified in the presence or absence of the
appropriate IgG control, or anti-ICAM-1 and Mac-1 function-blocking antibodies (Abs; 20 mgml�1), using phase-contrast time-lapse microscopy
(Zeiss,Axiovertmicroscope) and ImageJsoftware. (c) PMNbefore (solid black line) andafter TEM(dotted line)were analyzed forMac-1expressionusing
flow cytometry. Representative flow diagram (n¼ 4) shows robust upregulation of Mac-1 on PMN surface after TEM. The filled area represents
control IgG staining. (d) Image sequence depicting representative PMN exhibiting locomotion on T84 IECs in the absence (upper panels) and in the
presenceofMac-1-blockingAb (bottompanels). *Initial PMNposition, white arrows trackPMNmovement. The dashed lines highlight the path traveled by
PMN over 40min. Bar ¼ 20 mm. (e) Movement trajectories (in mm) of six representative PMN from three independent experiments over 40min
time periods on the apical surface of interferon-g (IFNg)-stimulated T84 IECs in the absence (upper panels) and in the presence of Mac-1-blocking Ab
(bottom panels). n¼ 4 independent experiments in duplicates, **Po0.01, analysis of variance with Newman–Keuls multiple comparison test (a,b).
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ICAM-1-dependent alterations in epithelial barrier function
would result in enhanced PMN TEM. We first investigated
whether PMN engagement of ICAM-1 on the apical IEC
membrane affected PMN TEM in the physiologically relevant
basolateral-to-apical direction.34 In these experiments, PMN
were stimulated tomigrate across epithelialmonolayers and the
transmigrated cells were collected and re-applied for 1 h to the
apical surface of new epithelial monolayers (2.5� 105 PMNper
monolayer) with or without IFNg pretreatment. After 1 h of
PMN–epithelial contact, the monolayers were washed free of
adherent PMN and used for subsequent PMN TEM assays in
the basolateral-to-apical direction. Apical introduction of PMN
to IFNg-treated, but not to untreated epithelial monolayers
triggered a significant increase in PMN TEM (1.7-fold,
Figure 5a). IFNg treatment alone or PMN presence near
the apical surface, but without direct contact with monolayers,
had no effect on PMN TEM (Figure 5a). In parallel
experiments, PMN TEM was examined following specific
Ab-mediated crosslinking of ICAM-1. Consistent with the
effect of ICAM-1 crosslinking on IEC barrier function, Ab-

mediated crosslinking of ICAM-1 on IFNg-treated T84 IECs
significantly increased PMN TEM (1.9±fold, Figure 5b)
compared with crosslinking of an apically expressed control
molecule, MHC-1. As expected, application of ICAM-1
crosslinking protocols to untreated IEC monolayers had no
significant effect on PMN TEM. Together, these findings
suggest that PMN adherent to the apical (luminal) IEC
membrane through engagement of ICAM-1 may trigger
alterations in the epithelial barrier function and contribute
to the regulation of PMN recruitment.

ICAM-1 crosslinking resulted in MLCK activation, suggest-
ing actin–myosin contraction (Figure 4). Thus, we next
examined the effects of MLCK inhibition and inhibition of
F-actin contractile forces on PMN TEM following ICAM-1
crosslinking. Increased PMN TEM induced by ICAM-1
crosslinking was reversed when IECs were pretreated with
either MLCK inhibitor ML-7 (20 mM, 1 h33) or the myosin
motor II inhibitor, Blebbistatin (10 mM, 1 h,35 Figure 5c). These
findings suggest a role for actomyosin contraction downstream
of ICAM-1 in regulating PMN TEM. Treatment with ML-7 or
Blebbistatin alone had no effect on PMN TEM (Figure 5c).

Ab-mediated ligation of ICAM-1 in murine intestinal lumen
leads to MLCK-dependent increase in epithelial
permeability and enhanced PMN recruitment

Wenext performed in-vivo experiments to examine the effect of
ICAM-1 ligation on intestinal epithelial barrier function and
PMN recruitment, using a mouse intestinal loop model
(Figure 6b). In this model, permeability of intact, blood-
perfused segments of the small intestine was assessed after
introduction of FITC-dextran to the intestinal lumen. As
shown in Figure 6a, although ICAM-1 was not detected in
unstimulated epithelium (upper panel), intraperitoneal (i.p.)
administration of IFNg and TNFa (500 ng, 24 h) resulted in a
robust induction of ICAM-1 expression. In particular, induced
ICAM-1 localized to apical regions of murine crypt IECs above
Claudin-2 (Figure 6a, bottom panel). In parallel, we observed
that cytokine treatment resulted in B2-fold increase in
permeability of the 3-kDa FITC-dextran (Figure 6c).

Importantly, introduction of ICAM crosslinking Abs,
but not Abs to the control protein, MHC-1 into the lumen
of cytokine-stimulated intestinal loops induced a further
B1.5-fold increase in permeability to dextran when compared
with cytokine treatment alone (Figure 6c). To confirm that
increases in intestinal epithelial permeability were mediated
specifically by epithelial ICAM-1-induced signaling events, we
used peptides derived from the cytoplasmic domain of ICAM-1
(ICAM-1 peptide) to inhibit the ability of ICAM-1 to mediate
downstream signaling events. It has been previously shown in
vascular endothelium that ICAM-1, but not control peptide,
inhibited interactions between ICAM-1 and target proteins,
thereby preventing ICAM-1-dependent signaling without
affecting binding to extracellular leukocyte ligands.22,24 Addi-
tion of ICAM-1, but not the control peptide (100 mgml� 1,
30min), inhibited ICAM-1 ligation-induced increases in
intestinal permeability (Figure 6c). Abs introduced intralumi-

Figure 3 Neutrophil (PMN) interactions with the apical epithelial
membrane compromise barrier function. (a) PMN (2.5� 105 cells) were
introduced to the apical surface of untreated (Control) or interferon-g
(IFNg) (100Uml�1, 24 h)-treated T84 intestinal epithelial cells (IECs)
grown on permeable supports (0.4 mm filter size, prevent PMN
transepithelial migration (TEM)), in the presence or absence of N-formyl-
Met-Leu-Phe (fMLF) (100 nM) and in the presence or absence of anti-Mac-
1 inhibitory antibody (Ab; 20 mgml�1). The resulting changes in TERas an
index of epithelial barrier function were measured at the indicated time
points. PMN contact with apical epithelial surface resulted in a time-
dependent decrease in TER, whichwas partially reversedwith inhibition of
PMN–epithelial cell interactions. N¼4 independent experiments in
triplicates, *Po0.05, **Po0.01, and ***Po0.001 significantly different
from Controlþ fMLFþPMN, ^^^Po0.001 significantly different, analysis
of variance with Newman–Keuls multiple comparison test. (b) PMNswere
added in the vicinity of the apical membrane of unstimulated (control) or
IFNg-treated IECs (IFNgþPMNþ fMLF) without direct contact (lower
chamber of transwell setup) in the presence or absence of fMLF
stimulation (100 nM). No changes in TER were observed, suggesting
contact-dependent effects. N¼ 4 independent experiments in triplicates.
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Figure 4 Antibody (Ab)-mediated crosslinking of intercellular adhesion molecule-1 (ICAM-1) leads to anmyosin light-chain kinase (MLCK)-dependent
increase in epithelial permeability. T84 intestinal epithelial cells (IECs) grown on permeable supports were stimulated with interferon-g (IFNg)
(100Uml�1, 24 h) to induce ICAM-1 expression. ICAM-1 or control surface protein major histocompatibility complex-1 (MHC-1) were
crosslinked by incubation with primary Ab (20 mgml�1, 60 min) followed by appropriate secondary antibodies (20 mgml�1, 30min). TER (a) and flux of
fluorescein isothiocyanate (FITC)-dextran (3 kDa) (b) across T84monolayers before and after ICAM-1 crosslinking were quantified at the indicated time
points as an index of epithelial permeability. A pharmacological inhibitor of MLCK, ML-7 (20 mM), was introduced an hour before initiation
of the crosslinking protocols. ICAM-1 ligation resulted in decreased TER and increased flux of FITC-dextran, and was dependent on MLCK
phosphorylation. (c) Representative western blottings and densitometric analysis (using ImageJ) show increased MLCK phosphorylation after ICAM-1
crosslinking, which was reversed with the addition of ML-7. (d) Confocal microscopy and immunofluorescence labeling were used to examine actin
remodeling after crosslinking of apically expressed control receptor MHC-1, and specifically ICAM-1, in the presence or absence of ML-7 (20 mM).
Ab-mediated crosslinking of ICAM-1 but not MHC-1 resulted in decreased apical brush border and junctional actin. This effect was reversed in the
presenceofML-7. Bar ¼ 50 mm.N¼4 independent experiments in triplicates (a,b), *Po0.05, **Po0.01 significantly different fromcontrol (a), **Po0.01,
***Po0.01, n.s. not significant, (b,c), analysis of variance with Newman–Keuls multiple comparison test.

Figure 5 Engagement of apically expressed intercellular adhesionmolecule-1 (ICAM-1) inducesmyosin light-chain kinase (MLCK)-dependent increase
in neutrophil (PMN) transepithelial migration (TEM). PMN TEM in the basolateral-to-apical direction across untreated (control) or interferon-g
(IFNg)-treated (to induce ICAM-1 expression) T84 monolayers was induced by a gradient of N-formyl-Met-Leu-Phe (fMLF) (100 nM).
(a) Transmigrated PMN were collected and introduced to the apical side of new T84 monolayers in the presence of fMLF (100nM), or added to
bottom chambers of transwells, facing the apical membrane, but without direct contact with the monolayers (2.5� 105 PMN per well, 1 h). After washing
off the apically adhered PMN, subsequent PMN TEM was quantified. PMN apical interactions specifically with IFNg-treated T84 intestinal
epithelial cells (IECs) significantly increased PMN TEM. This effect was reversed in the presence of anti-Mac-1 inhibitory antibody (Ab; 20mgml�1).
For all conditions, the number of PMN that remained adherent to the apical epithelial membrane after washes was determined and subtracted from
the total number of transmigrated PMN. (b) PMN TEM after Ab-mediated crosslinking of ICAM-1 or control protein (major histocompatibility complex-1
(MHC-1)) was quantified. Crosslinking of ICAM-1 but not MHC-1 on IFNg-treated T84 cells significantly increased PMN TEM. (c) Control and
IFNg-treated T84 monolayers were preincubated with ML-7 (MLCK inhibitor, 20mM) or Blebbistatin (myosin motor II inhibitor, 10mm) alone or followed
by ICAM-1 crosslinking. The effects of these inhibitors on ICAM-1 crosslinking induced increases in PMN TEM were quantified. Both inhibitors
prevented ICAM-1 crosslinking-induced increases in PMN TEM. For all panels, the data presented as fold increase above PMN TEM across
unstimulated T84 IECs.N¼ 4 independent experiments in triplicates, *Po0.05, **Po0.01, n.s. not significant, analysis of variance with Newman–Keuls
multiple comparison test.
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nally into intestinal loops (unstimulated and following
IFNg/TNFa activation) were confirmed to not cross the
epithelium, thus ruling out the potential indirect contribution
of lamina propria cells to the observed effects (Supplementary
Figure S6).

In further support of the role ofMLCK in ICAM-1-mediated
signaling, inhibition of MLCK activation using ML-7
(1mg kg� 1, i.p.36) before ICAM-1 crosslinking prevented
the increase in permeability (Figure 6c). These data demon-
strate that increased intestinal epithelial permeability in vivo
after ICAM-1 ligation is MLCK dependent.

As increased epithelial permeability is associated with
enhanced PMN migration, we asked whether ligation of
ICAM-1 would lead to enhanced PMN recruitment in vivo.
Using the murine intestinal loop model, PMN infiltration into
the intestinal mucosa and migration into the lumen was
induced by luminal administration of chemoattractant CXCL1
(1 mM in 200 ml Hank’s balanced salt solution (HBSS)þ ) and
quantified by immunofluorescence labeling/confocal micro-
scopy and analysis of lavaged fluid prepared on cytospins,
and stained with Diff-Quik, respectively. In the absence of
chemoattractant, PMNs were not detected in the intestinal
epithelium or in the intestinal lumen (not shown); however,
luminal administration of CXCL1 triggered significant PMN
migration into the epithelial layer (Figure 7a) and accumu-
lation in the intestinal lumen (Figure 7c). Consistent with the
cytokine-induced increase in permeability, IFNg/TNFa
treatment increased by B2.2-fold the number of PMN in

the intestinal epithelium, and B1.7-fold in the lumen.
Importantly, addition of ICAM-1 crosslinking Abs into the
lumen of cytokine-treated intestinal loops further increased
(over cytokine treatment alone) the number of PMNboth in the
epithelium (B1.6-fold, Figure 7a,b) and in the lumen (B1.4-
fold, Figure 7c,d). PMN (green) infiltrating the intestinal
epithelium (red) are shown in representative images of tissue
sections from cytokine-activated intestinal loops after ICAM-1
ligation (Figure 7b). Similarly, PMN that migrated into the
lumen after ICAM-1 ligation are shown in representative
images of lavage fluids from intestinal loops (Figure 7d).

Consistent with ICAM-1 ligation-induced increases in
epithelial permeability, enhanced PMN migration into the
intestinal lumen was dependent on ICAM-1-mediated
signaling events and MLCK activation. Both intraluminal
addition of ICAM-1 peptide, but not the control peptide (not
shown; 100 mgml� 1, 30min), and inhibition of MLCK (ML-7,
1mg kg� 1, i.p.) before Ab-mediated crosslinking of ICAM-1
completely inhibited ICAM-1 ligation-induced increases in
PMN migration (Figure 7a,c). These findings suggest that
engagement of ICAM-1 on the apical intestinal epithelial
membrane under conditions of inflammation compromises the
barrier function, thus facilitating enhanced PMN recruitment
in vivo.

DISCUSSION

ICAM-1 expressed on the luminal aspect of vascular endothe-
lium under inflammatory conditions37 mediates leukocyte

Figure 6 Engagement of intercellular adhesion molecule-1 (ICAM-1) in murine intestine in vivo leads to myosin light-chain kinase (MLCK)-dependent
increase in intestinal permeability. To induce ICAM-1 expression, mice were injected with a mixture of interferon-g (IFNg) and tumor necrosis
factor-a (TNFa; 500 ng each, 24 h, intraperitoneally (i.p.)). (a) OCT-frozen segments of mouse intestine were sectioned (7 mm wide) and
immunofluorescently stained for ICAM-1 (green) and the tight junction protein Claudin-2 (red). Representative confocal images show apical induction of
ICAM-1 expression (white arrow) after IFNg/TNFa treatment (bottompanel) comparedwith non-activated tissue (upper panel). Bar ¼ 50 mm. (b) Cartoon
depicts the mouse intestinal loop model as described in Methods. (c) In-vivo intestinal epithelial permeability was measured under the
specified conditions as described in Methods. ICAM-1 tail peptide (100 mmml� 1) was introduced luminally 30min before ICAM-1 crosslinking protocols.
MLCK inhibitor ML-7 (20 mM) was introduced by i.p. injection 2.5 h before ICAM-1 crosslinking. Increased fluorescein isothiocyanate (FITC)-dextran flux
after antibody (Ab) crosslinking of ICAM-1 was prevented with both the addition of ICAM-1 tail peptide and pretreatment with ML-7. N¼ 4 mice per
condition, *Po0.05, analysis of variance with Newman–Keuls multiple comparison test.
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migration across the endothelium in a luminal (apical)-to-
basolateral direction. Engagement of ICAM-1 during early
stages of the extravasation cascade and ICAM-1 clustering
around migrating leukocytes23 is essential for efficient leuko-
cyte transendothelial migration. Furthermore, PMN-mediated
ligation of endothelial ICAM-1 triggers signaling events,
resulting in cytoskeletal and junctional reorganization, thus
priming the endothelium for leukocyte passage.24 In mucosal
organs, it is now appreciated that ICAM-1 expression is
induced under inflammatory conditions in bronchial,38

alveolar,39 and IEC cells.17 However, the localization of
epithelial ICAM-1 is not in a position to mediate early
adhesive interactions with migrating PMN. In fact, epithelial-
expressed ICAM-1 localizes to the apical or luminal membrane
so that migrating PMN that are recruited into the intestine
would only encounter epithelial ICAM-1 after crossing the
epithelium. Given these observations, the functional role for
ICAM-1 in epithelial cells has not been clearly defined.

In the current work, we used complementary in-vitro and in-
vivo approaches to show that engagement of ICAM-1 on the
apical epithelial membrane by PMN or by Ab-mediated
crosslinking resulted in MLCK-mediated actin reorganization,
increased epithelial permeability, and enhanced PMN TEM.
Thus far, regulation of PMN migration across epithelial layers
has been largely attributed to PMN interactions with the
basolateral aspects of epithelia9 and to PMN-secreted protease-
induced reorganization of epithelial junctional complexes
during TEM.40 Our findings introduce a new mechanism,

suggesting that under inflammatory conditions the presence of
post-migrated PMN on the luminal epithelial surface and
interactions with apically expressed epithelial ligands have
regulatory effects on epithelial permeability and recruitment of
PMN. Furthermore, under pathologic conditions characterized
by persistence of large numbers of infiltrated PMN, such as that
observed in active ulcerative colitis, sustained engagement of
ICAM-1 could enhance PMNTEM, thus contributing to PMN-
associated epithelial injury. However, such mechanisms may
also be beneficial in providing a robust pro-inflammatory
response that aids in clearance of invading microorganisms by
promoting PMN recruitment. These findings are summarized
in a model depicted in Figure 8.

Exposure of T84 IECs to IFNg induced ICAM-1 expression,
resulting in enhanced PMN retention on the apical epithelial
membrane after TEM. Intriguingly, apically associated PMN
after completing TEM were observed to exhibit ICAM-1- and
Mac-1-dependent apical locomotion, as has been previously
described for vascular endothelium.24 In blood vessels, luminal
locomotion of PMN is an essential mechanism used by
adherent PMN to locate the specific endothelial regions that
can support PMN transmigration. In contrast, in the intestine
or the lung, PMN luminal locomotion would occur post-TEM,
thus clearly serving a different purpose. Although it has been
suggested that PMN can migrate through mucus,41 we
speculate that PMN migrating along the luminal IEC surface
would be more efficient in reaching the specific sites of
inflammation. Moreover, PMN exhibiting locomotion may

Figure 7 Engagement of intercellular adhesion molecule-1 (ICAM-1) in murine intestine in vivo leads to myosin light-chain kinase (MLCK)-dependent
increase in neutrophil (PMN) recruitment. PMN transepithelial migration (TEM) in the murine intestinal loop model was induced by luminal
introduction of CXCL1 (1mM in 200 ml Hank’s balanced salt solution (HBSS)þ ). (a) PMN in themucosal epithelia were quantified from cryosections of the
intestinal loop immunofluorescently labeled for PMN (green) and F-actin (red). (b) Representative images show robust PMN infiltration after
ICAM-1 crosslinking (right panel) compared with intestinal tissue without introduction of CXCL1, where PMN are localized inside the blood vessels
(white arrow). Bar ¼ 50 mm. (c) PMN that migrated into the lumen were isolated by lavage and quantified from cytospins stained with Diff-Quik. Data
presented as percent of all cells in the lavage fluid. (d) Representative images of the cytospins depict transmigrated PMN in the intestinal
luminal lavage after ICAM-1 crosslinking (right panel, PMN are indicated by white arrows). PMN are not detected in the intestinal lumen without the
introduction of the chemoattractant (left panel). Bar ¼ 10 mm. N¼ 4 mice per condition, *Po0.05, analysis of variance with Newman–Keuls multiple
comparison test.
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lead to clustering of apically expressed ligands, which in the case
of ICAM-1 results in initiation of signaling events that alter
epithelial barrier function, thereby facilitating enhanced PMN
recruitment during acute inflammatory responses.

In support of this, we found that PMN interactions with the
luminal epithelial surface following stimulation with IFNg
resulted in increased epithelial permeability. These changes
were PMN–IEC contact dependent, as they were reversed on
inhibition of PMN adhesion/locomotion by anti-Mac-1 func-
tion-blocking Abs.

Several other apical epithelial ligands have been identified as
being important for PMN–IEC interactions. For example,
CD55 has been reported to promote PMN detachment,18 thus
potentially competing with ICAM-1 for PMN interactions.
CD44 is another apical epithelial ligand that is markedly
upregulated during inflammation.19,42 Although it has been
implicated in promoting PMNdetachment,19 similar to ICAM-
1, CD44 has also been shown to act as a signaling receptor
through interactions with the actin cytoskeleton, thus con-
tributing to tumor metastasis.43 Although we established that
ligation of CD55 had no effect on epithelial permeability,
whether this is true for other apically expressed PMN ligands
should be explored in future studies.

We also demonstrate the importance of actomyosin dynamics
in the regulation of PMN TEM. Specifically, ICAM-1 ligation
induced MLCK activation and MLCK-dependent reorgani-
zation of the actin cytoskeleton, resulting in increased epithelial
permeability and PMN TEM. These effects were likely due to
increased actomyosin contractility, as MLCK has been pre-
viously shown to mediate cell contraction through actin
cytoskeleton remodeling and activation of actomyosin con-
traction.33,44 Inhibition of both MLCK activation and myosin
motor II mediated actomyosin contraction, prevented ICAM-1
ligation-induced increases in permeability, and PMN TEM

(Figures 4a,b and 5c). It was previously shown that ICAM-1
associates with the actin cytoskeleton through interactions of its
cytosolic domain (ICAM-1 tail) with adapter proteins.45

Inhibition of these interactions in vivo, using cell-permeable
peptides constituting the cytoplasmic domain of ICAM-1 also
prevented ICAM-1 ligation-induced increases in permeability
and in PMN TEM, confirming the specificity of the observed
effects to ICAM-1-mediated signaling. Interestingly, we have
also shown that stimulus-dependent PMN contact with the
basolateral epithelial surface, which was induced by a
chemoattractant gradient, resulted inMLCK-dependent altera-
tions in the epithelial barrier function.9 These effects were
induced downstream of basolaterally expressed protease-
activated receptors-1 and -2. Together with current observa-
tions, these findings suggest that similar cellular events, such as
MLCK activation that are capable of modulating epithelial
function, can be induced through engagement of ligands
localized to either basolateral or apical epithelial surfaces
during both early and late stages of PMN TEM.

In summary, these findings highlight an important role for
post-migrated PMN on the luminal epithelial surface and their
interactions with apical epithelial ligands in the regulation of
epithelial barrier function during inflammation. Impaired
epithelial barrier and increased numbers of infiltrating PMN
are ultimately linked to mucosal injury as often observed in
inflammatory disorders of the mucosal surfaces.

METHODS

Cells. Human T84 IECs were grown in Dulbecco’s modified Eagle’s
medium-F12 50:50 (Sigma, St Louis, MO) with supplements as
previously described.34 For PMN isolation, human blood was drawn
and handled according to protocols for the protection of human
subjects, as approved by the Emory University Hospital Institutional
Review Board. PMN were isolated by density gradient centrifuga-
tion34,46 and were used in experiments within 2 h of isolation.

Antibodies and reagents. The following Abs were used: function-
blocking anti-human ICAM-1 (15.2) from Serotec (Raleigh, NC), anti-
mouse ICAM-1mAb (YN1/1.7.4) and anti-Ly-6G conjugated to Alexa
488 from eBioscience (San Diego, CA), anti-CD11b/CD18 mAb
(CBRM1/29) has been described,47 anti-Mouse-Alexa488 and anti-
rabbit-Alexa555 from Invitrogen (Carlsbad, CA), anti-MHC Class-I
(1.B.548) from Abcam (Cambridge, MA), isotype control IgG1 from
BD Biosciences (San Jose, CA), rabbit polyclonal anti-MLCK from
ProteinTech (Chicago IL), and anti-phospho MLCK from Santa Cruz
(Santa Cruz, CA). Horseradish peroxidase-conjugated anti-mouse and
anti-rabbit IgGs were obtained from Jackson Immunoresearch (West
Grove, PA). ABTS (2,20-azinobis- 3-ethylbenzothiazoline-6-sulfonic
acid), HBSS with Ca2þ and Mg2þ (HBSSþ ), and HBSS without
Ca2þ andMg2þ (HBSS� ), andDulbecco’s modified Eagle’s medium
including media supplements and chemotactic peptide fMLF, mouse
IFNg, and TNFa were obtained from Sigma. Fluorescein-labeled
dextran (3 kDa) were obtained from Molecular Probes (Eugene, OR).

Western blotting. Epithelial cells were prepared for western blot
analysis using standard techniques, as previously described.19

Flowcytometry. Adherent epithelial cell monolayers were trypsinized
(Trypsin-EDTA, Sigma), washed, and stained for ICAM-1 (15.2 FITC,
5 mgml� 1). PMN before and after TEM were stained for Mac-1
(ICRF44, 20 ml per test). Cell samples were analysed using FACS
Calibur (San Jose, CA) and FlowJo software (Ashland, OR).

Figure 8 Hypothetical model depicting neutrophil (PMN) engagement of
intercellular adhesionmolecule-1 (ICAM-1) on the apical epithelial surface
and alteration of epithelial barrier function, thereby facilitating enhanced
PMN transepithelial migration (TEM). PMN adhered to apically expressed
ICAM-1 after completing TEM exhibit luminal locomotion and ligation of
ICAM-1. Engagement of ICAM-1 triggersMLCKactivation, reorganization
of the actin cytoskeleton, and cell contraction, leading to increased
paracellular permeability. As a result of the compromised barrier function,
the number of PMNmigrating across epithelial monolayers is significantly
enhanced.

ARTICLES

MucosalImmunology | VOLUME 7 NUMBER 4 | JULY 2014 913



Cell adhesion assay. PMN were incubated with confluent mono-
layers in 24-well tissue culture plates (2.5� 105 cell per well in Hþ ,
1 h, 37 1C). Following three consecutive washes, the remaining
adherent PMN were quantified in 10 randomly selected fields of view,
in triplicate, for each experimental condition.

Immunofluorescence microscopy. IEC monolayers were fixed/
permeabilized (95% ethanol) and incubated with appropriate primary
Abs (10 mgml� 1, overnight at 4 1C) followed by fluorescently labeled
secondary Abs (1mgml� 1, 1 h at room temperature). Nuclei were
stained with ToPro-3 iodide (Invitrogen). For mouse tissue, segments
ofmouse intestine were snap frozen inOCT, 7-mm-thick sections were
cut on a freezing microtome, and mounted on slides for immuno-
fluorescence labeling. All images were acquired on a LSM510 confocal
microscope (Carl Zeiss, Thornwood, NY) with Plan-Neofluor � 60
and � 40 objectives.

Mouse intestinal loop model. Male C57BL6J mice (Jackson
Laboratories, age 11–15 weeks) were maintained under specific
pathogen-free conditions at the Emory Division of Animal Resources
facilities.When indicated, inflammation was induced by i.p. injection
of mouse recombinant TNFa and IFNg (0.5 mg each) in 0.25ml saline
24 h before the start of the surgical preparation. Animals were
anesthetized by subcutaneous intramuscular injection of ketamine
and xylazine mixture at doses of 100 and 5mg kg� 1, respectively.
A midline abdominal incision was made and a 4-cm loop of small
intestine was exteriorized and clipped at proximal and distal ends
(Figure 6b). After luminal administration of the desired treatment,
the excised loops were reinserted into the peritoneal cavity for the
duration of the experimental procedures. At the end of all
experimental procedures, animals were killed via rapid cervical
dislocation. All animal protocols were reviewed and approved
by the Institutional Animal Care and Use Committee of Emory
University.

PMN TEM assays. For in-vivo PMN migration experiments, exter-
iorized intestinal loops were injected with 1 mM PMN chemoattractant
CXCL1 (KC) in 200ml HBSSþ . Ninety minutes later, intestinal loops
were isolated and lavaged twice with 200 ml HBSSþ . PMN in the
lavaged fluid (PMN that migrated into the intestinal lumen) were
quantified on 100 ml cytospins stained with Diff-Quik (Dade Behring,
Newark, DE). In-vitro PMN TEM assays were performed in the
physiologically relevant basolateral-to-apical direction and quantified
by assaying for the PMNazurophilic granule proteinmyeloperoxidase,
as previously described.34 Apically associated PMN were collected by
centrifugation (500 r.p.m., 3min) and assayed for myeloperoxidase.
When indicated, IECs were pretreated with IFNg (100Uml� 1) for
24 h to induce ICAM-1 expression.

PMN locomotion on epithelial cells. Following migration across
T84 IEC monolayers, PMN adhered to the apical membrane of
confluent T84 IEC monolayers grown in the bottom chamber of the
transwell setup were visualized using phase-contrast time-lapse
microscopy (Zeiss Axiovert microscope). PMN locomotion (%
locomoting cells, distances, and velocity) was quantified using ImageJ
software (National Institute of Technology, Bethesda, MD).

Epithelial permeability assays. For in-vivo dextran flux assay,
exteriorized intestinal loops were injected with FITC-dextran (3 kDa,
1mgml� 1 in 200ml saline) and reinserted into the peritoneal cavity.
sixty minutes later, fluorescence intensity in whole blood (obtained
through cardiac puncture) was analyzed on a fluorescence plate reader
(Fluostar Galaxy, BMG LabTech, Ortenberg, Germany), using exci-
tation/emission wavelengths of 480/520 nm as previously described.48

For in-vitro dextran flux assay, 10mgml� 1 fluorescein-labeled dextran
(3 kDa) was added apically to IEC monolayers grown on permeable
supports. Samples were taken from the bottom chambers at the
indicated time points and fluorescence intensity in the samples was
measured.

ICAM-1 crosslinking. In-vitro, primary anti-ICAM-1 (clone 15.2,
20 mgml� 1, 1 h) followed by secondary crosslinking Abs (20 mgml� 1,
30min) were added apically to control/IFNg pre-exposed epithelial
monolayers. Where specified, IECs were preincubated with ML-7
(20 mM) and blebbistatin (10 mM) for 1 h at 37 1C. In-vivo, before the
introduction of FITC-dextran or CXCL1, isolated intestinal loops were
cannulated at proximal and distal ends with 0.76-mm internal dia-
meter polyethylene tubing, filled with ICAM-1 (YN1/1.7.4) orMHC-1
(1.B.548) Ab solutions (50 mgml� 1 in 200 ml saline warmed to 37 1C,
1 h), flushed with saline, and refilled with secondary crosslinking Abs
(50 mgml� 1 in 200 ml saline) for an additional 30min. Where spe-
cified, ICAM-1 cytoplasmic domain peptide (13 C-terminal amino
acids of mouse ICAM-1 (QRKIRIYKLQQAQ) attached to penetratin
(RQIKIWFQNRRMKWKK),24 100 mgml� 1) or control peptide (an
irrelevant sequence from rat rhodopsin, CKPMSNFRFGENH) was
introduced intraluminally 30min before ICAM-1 crosslinking. The
MLCK inhibitor ML-7 (1mg kg� 1) was introduced by i.p. injection
2.5 h before the initiation of surgical protocols.

Statistics. Statistical significance was assessed by Student’s t-test or by
one-way analysis of variance with Newman–Keuls multiple com-
parison test using Graphpad Prism (V4.0, La Jolla, CA). Statistical
significance was set at Po0.05. For all experiments, the data are shown
as±s.e.m.
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